OBJECTIVEdTo examine persistence of C-peptide production by ultrasensitive assay years after onset of type 1 diabetes and factors associated with preserving b-cell function.
I
n type 1 diabetes, significant destruction of b-cells occurs prior to diagnosis. At the time of clinical onset, only ;10% of normal b-cell mass remains (1) . Levels of plasma C-peptide drop to ;20% of the maximal mean of healthy people (2) . A prospective study found that 2 years after diagnosis, insulin levels, after a mixed-meal stimulation, decreased to nearly 30% of baseline (3) . Similar findings contribute to therapeutic nihilism that b-cells are nearly destroyed several years after diagnosis, especially with early age of onset. But is this pessimism warranted?
Studies show that patients with advanced disease do show some residual b-cell function, depending on individual variables (4-7). Low or vanished C-peptide levels are indicative of advancing disease after diagnosis, and undetectable C-peptide is usually observed after ;1 year of disease duration. Yet, even small amounts of residual b-cell function confer fewer complications in most studies (4, 5, 8, 9, 10) . The strongest evidence to date, however, finds that while higher and sustained levels of C-peptide are most beneficial, even modest levels of b-cell function in some with long-term disease are associated with lower rates of hypoglycemia and lower incidence of retinopathy and nephropathy (9, 11) .
The findings raise questions about how long insulin production persists, whether b-cell functioning is fully maintained, and what personal or disease factors predict residual b-cell function. Some studies indicate the protective effects of shorter disease duration, higher age at onset, and female sex, but not all studies agree (4, 7, (12) (13) (14) . Islet cell autoantibodies GAD (GADA) and islet antigen 2 (IA-2A) have been found to be associated with rapid loss of b-cell function (15) , although other studies have found them to be unrelated (2, 16) . The recently discovered autoantibody zinc transporter 8 (ZnT8A) has only begun to be studied in relation to b-cell function (17) (18) (19) .
We studied 182 patients using an ultrasensitive assay of C-peptide to assess residual b-cell function. The assay is the most sensitive available, with a detection limit of 1.5 pmol/L. We first compared the ultrasensitive with a commonly used C-peptide assay, which had a detection limit of 33.1 pmol/L, and then determined whether b-cells above the lower detection limit remained functional. Then, we analyzed the persistence of C-peptide persistence over time, functional response to hyperglycemia, and the relationship of C-peptide with factors often associated with residual b-cell function: disease duration, chronological age, age at onset, sex, and levels of autoantibodies GADA, IA-2A, and ZnT8A (20) . Having prolonged b-cell function enables patients, once considered to lack C-peptide by standard assay, to become candidates for interventions to preserve or enhance b-cell function or to prevent diabetes complications.
RESEARCH DESIGN AND METHODSdPatients with type 1 diabetes were recruited over a 10-year period by the Massachusetts General Hospital with informed consent. The study received full institutional approval. We studied serum samples from 182 separate participants for whom we had a complete set of clinical characteristics, listed in Table 1 , but without any foreknowledge of C-peptide values. When two or more samples were available, the most recent sample was analyzed in order to include patients with the most advanced disease. Serum had been collected and frozen at 2808C until analysis. All blood samples tested for C-peptide assay were ,5 years old. None of the patients whose samples were older than 5 years or for whom we did not have the complete set of clinical characteristics, and who thus could not be included, died or withdrew from our clinical sample. Subjects were asked to appear in the research clinic fasting. The most recent single serum sample was collected and analyzed from each of the 182 subjects (Figs. 2 and 3 and Supplementary Figs. 1 and 3) . Their glycemic levels were also evaluated. In addition to the 182 patients under study, we separately evaluated four long-term patients, shown in Fig. 1 and Supplementary Fig. 2 , who provided serum samples weekly for up to 20 consecutive weeks. At one of the visits, we tested each patient for fasting and nonfasting-stimulated C-peptide. In some of the analyses, we did test patients for nonfasting C-peptide levels ( Supplementary  Fig. 2 ).
C-peptide samples for 182 subjects were commercially tested by Mercodia equipment (Uppsala, Sweden) using the regular (cat. no. 10-1136-01) or ultrasensitive (cat. no 10-1141-01) C-peptide ELISA kits. Both assays were calibrated against the International Reference Reagent for C-peptide, C-peptide 84/510 (a World Health Organization standard), and listed with the U.S. Food and Drug Administration as Class I in vitro diagnostic devices. Mercodia's regular C-peptide assay has a lower detection limit of 15 pmol/L with inter-and intra-assay coefficients of variation (CVs) at 4.8 and 4.8%, respectively, at 304 pmol/L (cat. no. 10-1136-01; Mercodia) (Supplementary Table 1 ). The ultrasensitive assay's lower detection limit is 1.5 pmol/L, with interand intra-assay CVs at 5.5 and 3.8% at 37 pmol/L (cat. no. 10-1141-01; Mercodia). For the four serially followed subjects who appeared in the clinic fasting, C-peptide levels were first tested at the Mayo Clinic, which uses the standard C-peptide assay (cat. no. 03184-897-190, Cobas; Roche Diagnostics) ( Fig. 1 Fig. 1 ) and can maintain a 1.9% CV to 31 pmol/L. The percentages of CVs are determined by SD/mean 3 100%. For the rest of the samples in this study, C-peptide levels were first tested in the Mercodia ultrasensitive assay and, only if sample values were above the range of this assay, then the few samples outside this range were rerun in the Mercodia regular assay that then captured all sample ranges. It should also be mentioned that all samples studied in either of the two Mercodia assays were commercially run blinded by the Mercodia laboratories, since their assay performance data with automated plate washes and other clinically standardized innovations exceeded our abilities with the same tight CVs. One-way ANOVA was used to calculate intra-and interassay variations. Autoantibodies GADA, IA-2A, and ZnT8A were commercially measured by Protein A radio binding assays at the Diabetes Research Institute of Forschergruppe Diabetes (Munich, Germany) as previously described (17) .
Statistical methods Unpaired t test with Welch correction and
Pearson correlation test were used for all 182 subjects. However, the univariate and multivariate regression analysis was limited to 125 patients for whom all variables were collected. We performed regression analysis with Microsoft Excel and t tests with Prism. P values #0.05 were considered significant.
RESULTSdPatient characteristics of 182 type 1 diabetic subjects are listed in Table 1 . C-peptide values in serum samples from each patient were tested using the Mercodia regular ( Supplementary Fig. 1A ) and ultrasensitive C-peptide (Supplementary Fig. 1B ) ELISA kits. Subjects' median age was 39 years (range 9-85), disease duration 15 years (0-73), and age at onset 13 years (1-56). Levels of autoantibodies GADA, IA-2A, and ZnT8A were obtained for 125 of 182 subjects.
C-peptide levels and functional capacity in serially studied patients C-peptide levels for up to 14 weekly serum samples from four patients were first tested with standard (Cobas) versus ultrasensitive (Mercodia) assay. The detection limits of these assays are compared in Supplementary Table 1 . C-peptide levels in all serum samples tested by standard assay (n = 54) were below its detection limit at 33.1 pmol/L (Fig.  1A) , whereas C-peptide levels by ultrasensitive assay were above detection (1.5 pmol/L) in 34 of 54 samples (63%) (Fig. 1B) .
To determine whether the pancreas retained functional activity in this group of four patients, their blood samples, assayed under fasting conditions and stratified by glycemic level (normoglycemia ,150 mg/dL vs. hyperglycemia .150 mg/dL), were studied in relation to C-peptide levels. In the ultrasensitive but not the standard assay, samples showing hyperglycemia (n = 12) were associated with higher C-peptide levels than those showing normoglycemia (n = 50) ( Fig. 1C and D) . Similar findings occurred in the larger sample of 182 patients, as discussed below (Fig. 3A-D) . The characteristics of the four patients, all of whom are long-term patients with diabetes, are listed in Supplementary Table 2 .
Furthermore, glucose responsiveness was examined in three patients with advanced serially followed up to 20 weeks by measurement of their C-peptide levels under nonfasting conditions. The data show that at three different C-peptide ranges, subjects with extremely low C-peptide (Supplementary Fig. 2, top panel) , low C-peptide ( Supplementary Fig. 2, middle panel) , and moderate C-peptide ( Supplementary   Fig. 2, bottom panel) levels all demonstrated a linear relationship between glycemic levels and C-peptide ( Supplementary  Fig. 2 ). These findings suggest that b-cells remain functional even in subjects with low C-peptide output.
Disease duration and C-peptide levels To test the relationship between C-peptide and disease duration, additional diabetic subjects (n = 182) from each of whom a single serum sample was obtained were categorized into these 5-year-duration groups: 0-5, 6-10, 11-20, 21-30, 31-40, and .40 years ( Fig. 2A) . As disease duration increased, C-peptide levels tended to gradually decline, but this was a decline over decades of diseasednot a decline over months, as is commonly viewed to be the course of the pancreas. The 0-5 years group exhibited higher C-peptide levels than did the 6-10 years group (P = 0.0498). Similarly, the 6-10 years group showed significantly higher levels than did the 31-40 years group (P = 0.0117). In order of increasing duration, C-peptide levels were above the detection limit at rates of 78.9, 59.5, 39.5, 39.1, 10, and 0% of samples in the six groups (Fig. 2B) . Figure 2A shows that after 31-40 years of type 1 diabetes, two subjects appeared to produce detectable C-peptide. Individual characteristics of these subjects were examined to determine whether there was anything unusual about their clinical course. The first subject was a male who had classic onset of type 1 diabetes in childhood, remained thin all his life, demonstrated a history of ketones early in life, and had a positive family history of both type 1 diabetes (siblings) and other autoimmune diseases. As expected from the sustained C-peptide levels, this subject had excellent HbA 1C values and no complications. Patient B also had classic type 1 diabetes, with onset at 10 years of age; was thin; and had hypothyroidism and a very positive family history of autoimmune diseases. He was still positive for both GADA and IA-2A after 35 years of disease and also had no complications. These two patients are dramatic examples to support past population-based studies that any preservation of C-peptide is associated with decreased complications (10) .
Functional capacity of b-cells in a large clinical sample
In addition to the two previous analyses of functionality in smaller samples, we sought to use the ultrasensitive assay to determine functional capacity of b-cells in Figure 1dSensitivity of standard (Cobas/Roche) versus ultrasensitive (Mercodia) C-peptide assays in a cohort of individuals with type 1 diabetes for whom weekly samples were taken for up to 20 weeks (n = 4 subjects, n = 54 blood samples). Each blood sample was tested by both assays. The shaded areas represent the areas below the detection limits of the assay. A: Standard assay failed to detect C-peptide in any of the selected serum sample. The shaded area across the lower portion of the panel displays the limit of detection of the Cobas assay (33.1 pmol/L), a limit defined as a maintained CV of 1.9%. B: Ultrasensitive assay detected C-peptide in the majority of the same samples. The dashed horizontal line across the entire lower portion of the panel displays the limit of detection (1.5 pmol/L). C and D: Samples taken from four patients studied for functional responses to glycemic level. Samples depicting hyperglycemia (glucose .150 mg/dL) and normoglycemia (glucose #150 mg/dL) revealed that C-peptide level was elevated with mild hyperglycemia, as opposed to normoglycemia, by ultrasensitive assay (D). The standard assay is not sensitive enough to reveal this functional response (C). (A high-quality color representation of this figure is available in the online issue.)
care.diabetesjournals.org DIABETES CARE, VOLUME 35, MARCH 2012 467 an analysis of our large clinical sample by stratifying patients with and without hyperglycemia. Glycemic levels were divided into hyperglycemic (n = 52) and normoglycemic (n = 52) groups and then compared, with C-peptide levels grouped into four ranges: 0-1.5 pmol/L (nonresponsive), 1.5-5 pmol/L (responsive), 5-100 pmol/L, and .100 pmol/L (responsive). Samples from hyperglycemic subjects had significantly higher C-peptide levels than did those from normoglycemic subjects in each of the C-peptide level ranges, except for the nonresponsive group, which had C-peptide levels below the level of detection of the ultrasensitive assay. As long as C-peptide levels were within the detection range of the ultrasensitive assay, C-peptide levels were responsive to glycemic levels.
Age at onset C-peptide levels were studied by age at onset, which was categorized into six groups: (Fig. 3E and F) . C-peptide levels with onset at 31-40 years of age (mean 6 SD 210 6 342 pmol/L) were significantly higher than those with onset at 0-5 years of age (11 6 34) . This is generally consistent with a believed slower disease onset in older patients. Patients with onset at 31-40 years of age had the highest C-peptide levels (210 6 342.75 pmol/L). The exception to these data and generally accepted concept was that the next age-of-onset group, .40 years, had lower C-peptide levels, 63 6 90.23 pmol/L, despite short disease duration (Fig. 3E and F) . All groups tended to exhibit shorter disease duration as age at onset increased (Fig. 3F) . The 31-40 years group produced the highest C-peptide levels, with duration significantly shorter than in the younger groups. Therefore, our data show that C-peptide can be present for decades after disease onset, suggesting that long-term preservation of pancreatic function and C-peptide production is not confined to a short time (;1 year) after clinical onset but, rather, persists in some cases beyond 30 years (Fig. 3F) . A possible exception to this rule that needs to be confirmed in further studies, and in additional subject sets, is whether new-onset type 1 diabetes in subjects older than 40 years of age might be associated with accelerated pancreas loss.
Autoantibodies and sex GADA was found in the highest fraction of patients (50.4%) ( Table 1) but was unrelated in a linear regression analysis of factors affecting C-peptide production either as a univariate or multivariate analysis (Supplementary Table 2 ). IA-2A and ZnT8A autoantibodies were positively correlated with C-peptide levels (Supplementary Table 2 ). GADA, IA-2A, and ZnT8A were combined and treated as four separate groups of 3, 2, 1, or 0 positive autoantibodies. No substantial differences were found among the number of positive autoantibodies and C-peptide levels (Supplementary Fig. 3B ). Sex was unrelated to C-peptide levels (Supplementary Table 2 and Supplementary Fig. 3A ).
Multivariate analysis
By univariate regression analysis, duration, chronological age, IA-2A, and ZnT8A were significantly correlated with C-peptide levels, while age at onset, sex, and GADA were not (Supplementary Table 2 ). Considering the close correlation between duration and chronological age (r = 0.6757, P , 0.0001) ( Supplementary Fig. 3C ), all factors except age were chosen as independent variables for multivariate analysis. Duration and ZnT8A emerged as the only factors significantly related to C-peptide levels in multivariate analysis (Supplementary  Table 2 ).
CONCLUSIONSdIn summary, results revealed that 1) the ultrasensitive assay, which dramatically improved detection at low C-peptide ranges, found that 10% of patients with disease duration of three to four decades still produced C-peptide; 2) b-cell functioning was intact at C-peptide levels as low as 2.8 6 1.1 pmol/L; 3) still, longer disease duration was associated with lower levels of C-peptide, according to multivariate analysis; and 4) although some studies have shown that adult-onset diabetes confers a more benign course, subjects in this study with onset at .40 years of age showed a more rapid loss of C-peptide levels despite relatively short disease duration. With standard assays, many patients are assessed as having lost considerable insulin secretion by the time type 1 diabetes is diagnosed (2, 3) . Yet even low levels of insulin or C-peptide are consistently linked to lower frequency of late-stage complications (10) . Using an ultrasensitive assay, this study found C-peptide detection and functional capacity at levels heretofore thought to be indicative of b-cell destruction. The findings appear to dispute therapeutic nihilism that b-cell functioning cannot be preserved long after diagnosis and suggest a long course of pancreas activity postdiagnosis (Fig. 3G) . They also appear to dispute the view that onset in adulthood is less aggressive than in childhood. While onset at 31-40 years of age is generally more benign, these preliminary data suggest that it might be possible that diabetes onset after age 40 years is associated with dramatically lower C-peptide levels, despite short duration. One reason may be that basal C-peptide production is lower in healthy older adults than in younger ones (21, 22) . Related reasons may be that older adults have less b-cell proliferative and regenerative capacity, shifts in epitopes, and higher levels of proinflammatory cytokines and metabolic control (22) . Further studies in the future are needed to confirm these observations in additional subsets of longterm patients with diabetes and to compare various assays (23) . In this study, we saw more subjects with C-peptide over a 40 year period but few subjects with C-peptide after 40 years.
Our finding of a strong relationship between longer duration and lower C-peptide is consistent with the findings of previous studies (13) . The finding of a strong relationship between higher levels of ZnT8A autoantibodies and higher levels of C-peptide is difficult to interpret. Autoantibodies are generally good predictors for disease onset but are not specific regarding disease outcome (18, 20) . The recently discovered ZnT8A autoantibody is reported to decline with disease duration, especially 25 years' duration, but the reasons behind this relationship are highly complex (19) . Greater investigation of ZnT8A is clearly needed. Figure 3dInvestigating functionality of insulin-secreting b-cells based on blood glucose (A-D) or age at onset and lifetime duration of the C-peptide response (E and F) defines the time line of persistent C-peptide section (G). Hyperglycemic (n = 52) or normoglycemic (n = 52) samples were examined in the same subjects (n = 52), who gave samples on consecutive weeks and stratified into four ranges of C-peptide levels: 0-5 pmol/L (nonresponsive), 0-5 pmol/L (responsive), 5-100 pmol/L, and .100 pmol/L (A-D). Significantly higher C-peptide levels were produced in hyperglycemic samples, except around the lower levels of assay detection (range 0-5 pmol/L), where b-cells from some samples did not respond to hyperglycemia. Subjects divided into six groups based on age at onset produced varying levels of C-peptide, with the highest levels produced at ages 31-40 years and a sudden drop in the group .40 years old and studied for remaining C-peptide secretion (E and F). C-peptide production during and after type 1 diabetes diagnosis. Reduction of C-peptide levels starts sometime during the prediabetes stage and keeps going down with the progress of the disease. With the new ultrasensitive C-peptide assays, remaining b-cell function extends for years after loss of pancreas function and in some cases extends to 40 years after diagnosis (G).
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In conclusion, decades after onset, C-peptide detection and functioning b-cells are observed with an ultrasensitive assay. The assay offers a novel approach to identify patients, even with advanced disease, who upon glycemic stimulation may benefit from treatments to retain or enhance b-cell function. Patients with low C-peptide levels or advanced disease should neither be uniformly excluded from clinical trials nor seen as having complete islet cell destruction.
